Toxic effects due to high aluminum body loads were observed in a number of conditions following ingestion of Al-containing 
Introduction
Aluminum is generally regarded as toxic or detrimental element. The main sources of iatrogenic aluminum are now aluminum-containing phosphate binders and aluminum-containing antacids administered to uremic patients or those with gastric or duodenal ulcer. Among compounds of this class pharmaceutical formulations containing AIPO4 or AI(OH)3 have found widespread use. With normal renal and gi function endogenous aluminum is readily excreted in the urine and feces. Thus, physiological serum level of aluminum is 0.07 to 0.3 mol/L. However, high tissue load of aluminum may be found in patients with chronic renal failure who are treated by dialysis fluids that contain aluminum, or are given Al-hydroxide gels to control high plasma level phosphate. Increased content of aluminum may also appear in patients taking large quantities of Al-based antacids. Patients with high tissue and serum level of aluminum may develop blood, bone or brain diseases which may be linked to the excess of aluminum 1].
Many substances, such as dietary acids, may enhance the absorption of aluminum in healthy or sick persons by changing metabolic pathways of aluminum in gi tract. The substances that complex AI into stable, neutral complexes may ameliorate its absorption through gi membrane by increasing the lipid solubility of these complexes [2] .
In gi tract, serum or tissue cells, pool of amino acids is present and their concentration may be, immediately aider ingestion of protein rich food, very high. They may compete with other low-molecularweight components for AI and affect its speciation [3] . Therefore, to fully characterize speciation of AI in body fluids and tissues it is necessary to study the interactions between AI and protein building ct-amino acids.
So far comparatively small number of papers have been devoted to characterization of solution equilibria involving aluminum ion and -amino acids and structure of the complexes, as well. Aluminum complexes with amino acids are generally weak, bearing in mind that pK values of carboxyl group of the most amino acids is 2 3. In addition, the complex formation is considerably disturbed by pronounced hydrolysis of aluminum. Slow formation of various hydrolytic polymers of aluminum makes the determination of identity and stability of relatively weak complexes with amino acids, very difficult. Therefore, to observe the binary complex formation between aluminum and amino acids by potentiometric technique, high concentration ratios of amino acid to aluminum is required with concentration of the acid in the range 20 50 mmol/L and ligand to metal concentration ratio higher than 20 . Since under these conditions strong buffering effect of amino acid prevents obtaining of reliable data, very precise measurements of hydrogen ion concentration, accurate data of aluminum hydrolysis, covering of as wide range of concentration ratios as possible, and strict control of experimental conditions are necessary.
Solution Equilibria between Aluminum(Ill) Ion and L-Histidine or L-Tyrosine
Review of available literature data shows that no unambiguous description of aluminum complexation with any of z-amino acid exists [4] [5] [6] [7] [8] [9] [10] [11] . Duc et al. [12] studied the complexation of aluminum with t-amino acids which constitute the collagen by potentiometric measurements in 0.5 mol/L NaCIO4 ionic medium at 298 K. They concluded that aluminum does not form complexes with glycine, alanine, serine, threonine, proline and hydroxyproline. The binary complex formation was found only in A1-GIu system while with histidine hydroxo mixed complexes were identified. The binary complexes of aluminum with number of amino acids (Gly, Ser, Thr, Asp, Glu and His) were characterized by Dayde and Berthon [13] in 0.15 mol/L NaCI ionic medium at 37C. The log stability constants of the binary complexes were between 5.71 and 7.77.
For the Al(His) complex the log stability constant was 7.08. Bearing in mind that complexes with histidine were studied in only two works and these with tyrosine were not studied at all, in the present paper we aimed to characterize the solution equilibria of aluminum with these two amino acids.
Histidine is involved in a large number of biochemical processes such as biosynthesis of histamine, secretion of prolactin and antidiuretic hormone, production of red and white blood cells, etc. Histidine possesses vasodilatating and hypotensive actions and may boost the activity of soothing alpha waves in the brain. Histidine is now used in the treatment of anemia, allergies, rheumatoid arthritis and other inflammatory reactions [14] .
Tyrosine is synthesized in the body from phenylalanine and it is a direct precursor of adrenaline and thyroid hormones. Metabolic transformations of tyrosine require the presence of folic acid, niacin, vitamin C and copper. Its metabolic products include melanin, estrogen and encephalin. Tyrosine is used along with tryptophan to aid in the treatment of cocaine abuse and may also be useful in the control of anxiety or depression 15] .
Therapeutic amounts of aluminum may bound to histidine and tyrosine and thus disrupt their metabolic pathways. Normal function of these amino acids may be thus, disturbed. In what extent such disturbance may occur, whether the Al-histidine or -tyrosine species are lipid soluble or not, can be answered if identity and stability ofthe complexes of AI with these two amino acids are reliably determined.
In this work we studied the complex formation between aluminum and histidine or tyrosine by using potentiometric, H-NMR and uv spectrophotometric measurements. Owing to pronounced hydrolysis in the studied systems, in the data treatment the hydrolytic scheme consisting of the complexes, AI(OH) 2+ (-5.27 ), Al(OH)3aq (-14.68 ), Al(On)4 (-23.0), AI3(OH)4 + (-13.81), Al13(on)327+ (-109.23) and AI(OH)3(s) (-10.38) was used. The data were taken from our and the literature previous works [4, 11, 16] .
Experimental

Reagents and Analysis
The Potential of the glass electrode is given by the expression E E0 + Q log h + Ej, where h is the concentration of free proton, Eo is a constant which includes the standard potential of the glass electrode, Q is the slope of the glass electrode response and Ej is a liquid junction potential whose contribution to E was found to be negligible. The Eo was determined both before and during each titration of the test solution. First, Eo was determined by means of separate titration of HCI with sodium hydroxide, both of known concentrations, under the same medium and temperature conditions as the test solution titrations (1.0, 2.5 and 5.0 mmol/L HCI was titrated with 0.100 mol/L NaOH). The data so obtained were analyzed with the aid of the Magec [17] program. The calculated values were Q 59.0 mV and self-protolysis constant of water, pKw 13.75(2) . During the titrations of the test solutions, the Eo was determined using the data in acidic region, where no hydrolysis or eomplexation takes place (h H), by plotting the value E-Q log h against h and extrapolating the straight line so obtained to h 0. When the difference between two Eo values was higher than 2.0 mV, the titration was rejected. Thus, the obtained value of Eo was used for the calculation of-log h for the whole titration curve.
To reduce the concentration of the hydrogen ion, the titrant was added stepwise in small aliquots (0.005 0.01 mL). The titrant was added, under energetic stirring of titrated solution. In this way initial formation of insoluble or colloidal aluminium hydroxide, which subsequently, dissolves very slowly, was avoided. Presence of colloidal aluminium hydroxide, at pH values around 5, was difficult to observe. The indication that titrated solution did not become supersaturated with respect to AI(OH)3 were stable potential readings over prolonged period of time (we arbitrarily chosen to monitor the potential, at the end of titration, for additional 3-4 hr.). The potential was monitored after each addition of a titrant. The readings were taken every 2 rain until steady values to + 0.1 mV/min were obtained. Usually stable potential readings were obtained in 5 10 rain atter the addition of the titrant. If in the specified time interval no stable potential reading was obtained the corresponding point was excluded from calculation. The titrations were terminated when drifted potential readings were obtained and turbidity of solutions observed. Some titrations were carried in duplicate and some in triplicate.
Data Treatment
Three kinds of equilibria should be considered in the present study: (a) protonation of histidine and tyrosine anions, (b) hydrolysis of aluminum (III) (Fig 1) , provides information that there are more species then simply Al(His) and/or Al(His)2. Systematic dependence of the formation curves on total metal and total ligand concentrations indicate the presence of ternary complexes. '---C mM AI (3:1) , 3p,q,r Cp,q,r m-ph-q l-r where Cp,q,r denotes the equilibrium concentration of the complex, m, h and I denote free concentrations of aluminium(III), proton and histidine, respectively. To determine the composition and stability constants of the species formed, the titration data were analyzed using the programs Best and Superquad. The following complexes were selected to find the model which best fit the experimental data: (1, 0, 1) , (1, 0, 2) , (1, 1, 1) , (1, 2, 1) , (1, 1, 2) , (1,-1,1) , (1,-2,1) , (1,-3,1) , (1,-1,2) , (1,-2,2) , (1,-2,3) as well as some polymers. More than 20 various models were tested. The stability constants of the hydrolytic complexes of aluminium and protonated species of histidine were not refined during the calculations. First, each titration curve was treated separately using the program Best. Complexes were added in the model one at a time until the lowest value of ofit was achieved (usually less than 0.003). These complexes were then used as the starting model for the Superquad calculations. Then the data belonging to all titration curves, referred to one particular histidine to aluminium concentration ratio were treated together. The refined values of E0 served as the additional criterion for model selection. If they were different from experimental ones for more than 0.5 mV, the model was considered as inadequate. The finally accepted set of complexes is given in Table 2 .
[Al+]:o r = 3.00 ml
[hi]a:o = 15.00 mM The distribution diagram of Al-histidine species is shown in Fig. 2 show considerably smaller shifts under these conditions. The spectra of histidine and AI 3+ + His solutions at total aluminum concentration 3.0 mmol/dm and total histidine concentration 15.0 mmol/dm at pH 6.75 are shown in Fig. 3 . As can be seen from Fig. 3 all proton resonances are shifted to higher fields in comparison with uncomplexed histidine.
In the pH range 3 5 proton resonances in AI 3+ + His solutions are shifted to lower fields in comparison with these of histidine in the absence of aluminum. However, at pH 6.75 new resonances, not seen in the spectrum of pure histidine, are observed at 3.57, 3.58, 3.60 and 3.61 ppm. These resonances increase in intensity upon rising the concentration ratio of histidine to aluminum up to 10 To see which of two probable structures is dominating molecular mechanics calculations were done with HyperChem release 6.0 professional version [22] , an interactive graphics program that allows rapid structure building, geometry optimization and molecular display. Energy minimization was repeated several times to find the global minimum. From molecular mechanics (MM+) it was found that the minimized energy for linear (monodentate) structure (34.98 kcal/mol) is lower than that of the cyclic (bidentate) one (39.12 kcal/mol). Therefore, linear structure is preferred. 
Equilibria in aluminium(III) + L-Tyrosine solutions Potentiometric measurements
Summary of the potentiometric experimental data is given in Table 1 . Owing to small solubility of tyrosine maximum ligand to metal concentration ratio achieved was 3:1. The titrations were commenced at rather low pH values ca. 2.0, and extended up to pH ca. 7.0. To avoid the precipitation region starting at pH 6, two sets of titrations were performed. In first set the titrations were carried out up to pH 4.5 using the protocol described in Experimental section. In second set of titrations the pH of solutions was brought up to pH ca. 4.0 with very slow addition of alkali and solutions were left overnight. Next day the pH of solutions was rechecked and titrations were commenced with the addition of very small aliquots of alkali (0.005 mL) in 2 min time intervals. The solutions stayed clear up to pH 6.5 It can be seen that up to pH 6.0 only mononuclear complexes are formed while beyond this value extensive hydrolysis dominates in all solutions. For the calculation purpose the number of data points was reduced and pH intervals 2.0-4.5 and 4.5 to 6.5 were treated separately. In the mathematical treatment of the first set of titration curves protonation constants of tyrosine and hydrolytic stability constants of aluminum were held fixed while varying the trial stability constants of the AI-Tyr complexes. The only accepted complex was AI(HTyr) 3+ with a stability constant, log 11,1,1 12.72 +/-0.09 and reasonably good set of statistics, (2 11.9 and s 3.0. Attempts to fit the data with binary complex Al(Tyr) were unsuccessful. Mathematical treatment of the second set of titrations indicated that no one combination of mononuclear complexes can give acceptable fit. Since in this pH region main hydrolytic complexes are (1,-3) , (13,-32) , (1,-4) and (3,-4) (1,-4) and (13,-32) were rejected, while in a second set only (3,-4) complex was rejected. Thus, it is obvious that hydrolysis obscures the complexation. To overcome this problem the new hydrolytic complex (1,-2) was introduced into the calculation and the stability constant of (13,-32 ) complex was fixed. The acceptable fit was obtained with the complexes Al(Tyr) and AI(OH)zTyr with set of statistics, X 2 11.2, s 3.0. The stability constants of the hydrolytic eomplexe,: changed for ca. 10% and the complex (1,-2) was accepted. Since the stability constant of the binary complex, Al(Tyr) 2+ had rather large standard deviation in the next calculation cycle data points were restricted to the pH interval 2.0-6.0 with fixed stability constant of AI(HTyr) complex and floating stability constants of the hydrolytic species.
The calculation ended with the acceptance of the Al(Tyr) complex with the stability constant log [1,1,0 10.16 +/-0.03 and set of statistics, X 2 12.0 and s 2.80. Scatter of residuals was reasonably random, thus making the obtained speciation model convincingly reliable. Therefore in the final speciation scheme including the complexes AI(HTyr), Al(Tyr) is given in Table 2 .
The species distribution diagram (Fig 5) indicates that hydrolysis dominates over the entire investigated pH range. Taking the "therapeutic" concentrations of aluminum (5 lamol/L) and tyrosine (5 mmol/L) it can be seen that at such low concentration of aluminum, only mononuclear complexes are formed; the complex Al(Tyr) begins to form at pH values higher than 4.0. Total fraction of this complex is rather small and upon increasing the pH its concentration begins to decrease. At pH values higher than -5.5 the whole system is micro-heterogeneous due to the formation of colloidal AI(OH)3. 
Spectrophotometric measurements
To confirm the complexation in the AI-Tyr system and to improve the potentiometrically obtained speciation scheme, the uv spectra of AI-Tyr solutions were taken in a wide range of pH values and concentration ratios of ligand to metal. The tyrosine intensively absorbs in near-uv region and this property was used to follow the complexation in AI Tyr solutions. The spectra of the tyrosine solutions, in the absence of aluminum, were taken in the pH interval from 1.90 to 10.50 for total tyrosine concentrations 0.5 and 1.0 mmol/L. In total 25 solutions were prepared. Larger number of solutions were prepared in the pH interval 8.70 to 10.50 Spectrophotometric measurements on AI Tyr solutions were made at total aluminum concentrations 0.25, 0.5 and 1.0 mmol/L and tyrosine to aluminum concentration ration 2:1 to 5:1. The pH of the solutions was varied from pH ca. 2.0 to ca. 5.5 with the appropriate addition of HCI and/or KOH. The spectral interval was from 245 to 345 nm. After preparation solutions were left overnight and the spectra were taken next day at every hour until no changes of absorbance higher than +/-0.02 were detected. The spectra obtained at tyrosine to aluminum concentration ratio of 5" are shown in Fig. 6 .
The spectral bands are centered at 281 nm and show slight red shift and increase in intensity upon rising the pH. For the calculation purpose the spectra were digitized at every 2 nm. The identity and stability of the complexes formed were determined by minimizing the error-square sum of the absorbance:
where the calculated absorbency is given as:
The minimization of the sum, S, was performed with the aid of the program Squad [23] . The same model consisting of the complexes AI(HTyr) and Al(Tyr) was accepted at all concentration ranges of tyrosine to aluminum. However, these complexes were accepted only after removal of the hydrolytic tridecamer, (13, 32) . Other hydrolytic species were held fixed. At 2:1 concentration ratio improved fit was obtained after introduction of mixed hydrolytic complex AI(OH)2Tyr. This complex was not accepted at concentration ratios 3"1 and 5" 1. Also, polynuclear species were not accepted. The goodness of fit was judged by the calculated statistical parameters: SD standard deviation in absorbance data and S, the sum of squares of the residuals. The fit was considered adequate if SD is less than x 10 .2 and S less than x 10"1. The calculated statistical values were at 2:1 concentration ratio SD 1.3 x 10 -2 and S 0.05; at 3:1 SD 8 x 10 -3 and S 0.01 and at 5:1, SD 5 x 10 -3 and S 0.01. Thus, the fit may be considered as satisfactory. The calculated spectra of the AI(HTyr) and Al(Tyr) complexes are given in Fig. 7 . As seen from fig.  7 , the spectra are similar in shape, but maximum absorption coefficient is higher for the protonated complex. The results of the present study indicate that in the title systems competition between hydrolytic and complexation equilibria exists, so that the transport and accumulation of aluminium must be considered in terms or these equilibria, taking place in body fluids. Equally significant role in addition to complexation, play kinetic factors. The dominance of amino acids-aluminium ion equilibria may be expected in tissues and compartments where the concentration of free amino acids is high, as well as their concentration ratio to aluminium. Such situation may arise in duodenum or in kidneys. Free histidine or tyrosine in kidney ultrafiltrate may complex aluminum and if charged, these complexes may enhance the excretion of AI. Bearing in mind slightly acidic pH in kidneys, one may expect the formation of mostly binary or mixed hydrolytic complexes between aluminium and histidine. Since they are all charged, excretion may be enhanced. However, aluminium may me also deposited in kidneys, depending on exposure to exogenous AIcompounds, age, physiological state of organism, etc. Its toxic effect is mostly pronounced on proximal tubules. In pathological cases, when tubular re-absorption of amino acids is greatly reduced (so that they reach about 10 to 20 times higher concentration in primary urine than physiological), formation of neutral hydroxo aluminium complexes may prevail. Consequently, mobilization of aluminium from kidney deposits may occur. The formation of aluminium complexes with zwitterionic forms of amino acids may also be a factor that increases aluminium toxicity. If high concentrations of histidine or tyrosine are ingested concomitantly with aluminium based antacids then, in pathologically altered gi membranes, absorption of aluminium may occur with consequent toxic effects.
